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stella Is a Maternal Effect Gene Required
for Normal Early Development in Mice
Results and Discussion
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Figure 1. Expression and Evolutionary Conservation of Stella
(A–O) Expression of Stella in preimplantation embryos represented by confocal sections of anti-Stella (left column) and DNA (middle column)
stainings (right column, merged images). Maternal Stella is stored in the unfertilized egg (A–C) (arrow, exclusion of Stella from condensed
metaphase chromosomes) and localizes both to the cytoplasm and pronuclei (PN) after fertilization ([D]–[F]; PB, polar body). Also at later
stages (two cell, [G]–[I]; four cell, [J]–[L]; blastocyst, [M]–[O]), Stella can be seen in both the cytoplasm and the nucleus.
(P–R) Blastocyst stained with secondary antibody only. Scale bars, 20 m (bar in [L] for [A]–[L]; bar in [R] for [M]–[R]).
(S and T) Synteny of the stella gene in mouse, rat, and human (S), and the relationship between stella and the neighboring genes in mouse
and human (T). Arrows indicate the direction of transcription.
(U) Alignment of Stella protein sequences. Identical amino acids have a black background and similar amino acids a gray one. Putative nuclear
export and localization signals are marked by red and black lines, respectively. The red stars indicate conserved hydrophobic amino acids,
which are typical for nuclear export signals [12]. The putative SAP-motif is shaded yellow and the splicing factor-like domain light blue.
(V) RT-PCR analysis of STELLA-expression in human pluripotent cells and reproductive organs. RPL32 was used as control. ES, embryonic
stem cells; EC, embryonic carcinoma cells (nTera2); tet, testis tumor; te, normal testis; ov, normal ovary; Rt, without reverse transcriptase;
0, water control.
is located, is consistently overrepresented in testicular stella knockout (stella/) mice (Figure 2). Matings be-
tween heterozygous (stella/) mice on the 129/SvEvgerm cell tumors [11]. stella/STELLA resides within a
conserved cluster of genes consisting of nanog/NANOG background resulted in the birth of 192 pups consisting
of 56 (29.2%) wild-type, 81 (42.2%) stella/, and 55[13, 14] and gdf3/GDF3 [15] (Figure 1T), which are asso-
ciated with pluripotency and germ cell tumors. The con- (28.6%) stella/ mice, in the approximate mendelian
ratio of 1:2:1. Therefore, stella/-deficient mice are via-served proximity in mice and humans and the overlap-
ping expression patterns of these genes suggest a ble and survive at a normal rate.
As stella is detected in the founder PGCs, we exam-possible coregulation at a transcriptional level [16].
Clearly, these findings prompt a careful analysis of the ined stella/ mice for any effects on development of
germ cells. Examination of germ cells at E8.5 in mutantfunctions of stella and its neighbors in mouse and man.
To begin to address functions of stella, we generated embryos by tissue nonspecific alkaline phosphatase
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Figure 2. Generation of stella Mutant Mice
(A) The targeting vector was designed to delete exon 2 and replace it with an IRES-LacZ/MC-neo reporter-selection cassette. HSV-TK was
used for negative selection against nonhomologous recombination. 5, 3, and neo probes were used to confirm correct targeting of ES cells.
(B) Southern blot analysis of genomic DNA derived from littermate mice born from a stella/ intercross. The example shows NcoI-digested
DNA hybridized with the 3 probe, indicating the absence of the wild-type allele in stella/ mice.
(C) RT-PCR of testis (te) or ovary (ov) RNA from male or female mice, respectively, with exon 2-specific primers. The wild-type stella transcript
is reduced in stella/ mice compared to stella/ mice and absent in stella/ mice. Gapdh was used as a control for equivalent quality and
amount of RNA. Rt, without reverse transcriptase; 0, water control.
(TNAP) activity, a marker of PGCs [17], revealed no sig- by vaginal plugs) between stella knockout females and
knockout males, which would result in embryos entirelynificant differences in the numbers of PGCs compared
to those in wild-type embryos (Figure 3A). Similarly, we devoid of Stella, we detected no live pups whatsoever
(Figure 4A). In this case, since the females failed tofound no effect on early gonadal PGCs (E11.5) in knock-
out embryos, detected by the germ cell marker SSEA1 become pregnant, they often mated again after 9–11
days (Figure 4C). This is probably because of a lack of[18] (Figures 3B–3G). Furthermore, histological examina-
tion of testes and ovaries of adult mice showed no gross embryo implantation and consequent resumption of the
estrous cycle after a period of pseudopregnancy [19].abnormalities in the development of gametes in stella
mutant animals (Figures 3H–3K). Indeed, stella/ males This observation strongly indicated a failure of develop-
ment of Stella null embryos during preimplantation de-showed normal fertility when mated with wild-type or
heterozygous females. In mutant females, we detected velopment. We therefore decided to examine stages at
which development was perturbed (Figures 4D–4I). Foroocytes at all stages of development and we found simi-
lar numbers of ovulated oocytes compared to those this purpose, we compared embryos from stella knock-
out intercrosses with embryos from control matings, byfrom control animals (Figure 1L), suggesting that the
loss of stella has no gross effects on either germ cell using wild-type and heterozygous females. While fertil-
ization seems to proceed normally in oocytes fromdetermination or development.
Next, we examined if development progressed nor- stella/ females (Figure 4D and Figure S1 in the Supple-
mental Data available online), the effects of lack of Stellamally from oocytes of stella/ females that lack maternal
inheritance of Stella. In contrast to wild-type and hetero- become evident shortly thereafter, with progressively
fewer embryos exhibiting normal development at eachzygous females that became pregnant and produced
offspring following mating (73%; Figure 4A), stella/ fe- time point examined (Figure 4D). The cumulative effects
on preimplantation development are starkly obvious atmales displayed a strongly reduced fertility despite ovu-
lation of normal numbers of Stella-deficient oocytes. E3.5, when most of the embryos from controls (69%)
reach the blastocyst stage, while only 8% of embryosWhen we examined the outcome of matings (detected
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Figure 3. Germ Cell Development in stella Mutant Mice
(A) Numbers of PGCs in stella/, stella/, and wild-type embryos are not significantly different at E8.5 (0–8 somites). The results are presented
as means  SEM. Numbers in parentheses are the numbers of embryos for each group.
(B–G) Gonadal PGCs (E11.5) stained with anti-Stella (B and E) and anti-SSEA1 (C and F) antibodies ([D] and [G] merge including Toto3 [blue]
as DNA stain). The PGC-marker SSEA1 [18] is coexpressed with Stella in wild-type PGCs (B–D) and also detectable in stella/ animals (E–G),
showing that PGCs are present in knockout mice. Scale bar, 10 m.
(H–K) Sections of testes (H and J) and ovaries (I and K) of adult wild-type (H and I) and stella/ (J and K) mice. Knockout males show normal
development of sperm (arrowheads) and knockout females normal ovary morphology, with follicles containing oocytes of different stages
(arrows). Scale bars in (J) (for [H] and [J]) and (K) (for [I] and [K]), 100 m.
(L) Oocytes are ovulated at similar numbers from females of all stella genotypes (numbers in parentheses, females observed).
in stella/ mothers do so (Figures 4D–4F). These few Next, we wanted to know if zygotic expression of
Stella could rescue the developmental defects that weembryos from mutant mothers, while seemingly mor-
phologically normal, are developmentally compromised, observed in Stella null embryos. We therefore mated
stella/ females with wild-type males and compared itsince they did not result in live born pups (Figure 4A).
This was further confirmed when we transferred these with the results we obtained from knockout intercrosses.
In this case, a few stella/ females became pregnantembryos to wild-type mothers, which also produced no
live young (Table S1). Furthermore, after culturing E1.5 and produced live young, although their numbers were
quite low (25%; Figure 4A). Importantly, these stella/embryos in vitro for 3 days until E4.5, only 15% of Stella
null embryos reached the blastocyst stage compared females produced considerably small litters (1.33 
0.33, n  3) compared to control females (5.06  0.31,to 65% for controls. Indeed, 49% of mutant embryos
were still at the single-cell stage, fragmenting, or exhib- n  16) (Figure 4B). Consistent with this data, slightly
more embryos (19%) from such stella/ mothersiting asymmetric or abnormal cleavage. The remainder
were found at various stages, including 10% at the two- reached the blastocyst stage at E3.5, when the fathers
were wild-type, compared to matings with stella/ fa-cell stage and 27% at the morula stage (Figures 4G and
4H). Since uterine receptivity for blastocyst implantation thers (8%; Figure 4D).
We then went on to check how long the maternallyis restricted to occur at late E3.5, only those embryos
that reach the blastocyst stage by this time can implant inherited Stella persists during preimplantation develop-
ment. We found that in stella/ embryos that have het-[22, 23]. This is in agreement with our observations
showing frequent pseudopregnancies (Figure 4C) and erozygous mothers, maternally inherited Stella is de-
graded by the early morula stage (Figures 5G and 5H).the failure to produce living offspring.
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Figure 4. Reduced Fertility of stella Knockout Females Due to Abnormal Preimplantation Development of Their Descendants
(A) Seventy-three percent of control matings (black bars) resulted in live offspring, compared to twenty-five percent of the plugs between
stella/ females and wild-type males (gray bars). No pups were born from stella/ intercrosses (white bars, number of plugs in parentheses).
Control matings consist of matings between wild-type or heterozygous females with males of any (/, /, /) stella genotype. Results
of these matings were pooled, as they did not differ significantly from the results of matings between wild-type females with wild-type males
(data not shown).
(B) Litter size was markedly reduced in knockout compared to wild-type females when mated with wild-type males (error bars SEM, numbers
of litters in parentheses).
(C) Females in which matings did not result in implantation of embryos exhibit psudopregnancy, as revealed by plugging and renewed mating
after 9–11 days (parentheses  total number of matings).
(D–F) The percentage of embryos developing in vivo to the various stages are given for different mating combinations described above (D).
Total numbers of embryos examined at each time point are given in parentheses. Development of embryos from knockout intercrosses starts
to be affected from E1.5 onward (two-cell stage), and only a low percentage reach the blastocyst stage by E3.5 (E) compared to control
embryos (F). Slightly more embryos from knockout mothers become blastocysts, when the father is wild-type.
(G–I) Distribution of stages of embryos cultured in vitro from E1.5 until E4.5 (the time when blastocyst implantation is complete). As in vivo,
most embryos from wild-type or heterozygous mothers (black bars) develop to blastocysts (I), while many embryos of stella knockout mothers
(white bars) are delayed or show abnormal morphology (H). Total number of embryos examined in G: / mothers, 41; wt or / mothers,
52. Scale bar, 100 m.
Therefore, after this time, the presence of Stella in wild- expression from the paternal allele in embryos derived
from stella/ females fertilized by wild-type sperm.type embryos (see Figures 1, 5C, and 5D) must be due
to the onset of zygotic transcription. To establish the Stella was clearly detected by antibody stainings at E3.5
(Figures 5I and 5J). Using a stella-GFP reporter-trans-timing of zygotic contribution of Stella, we examined
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Figure 5. Stability of Maternal Stella Protein and Onset of Zygotic Expression from the Paternal Allele during Preimplantation Development
(A–H) To investigate the longevity of maternal Stella, we stained embryos from matings between heterozygous females and stella/ males at
E1.5 (A, B, E, and F) and E2.5 (C, D, G, and H) with anti-Stella antibody and genotyped the embryos after imaging by PCR. Heterozygous
embryos (A–D) show Stella protein expression throughout preimplantation development. Stella/ embryos (E–H) do not show much staining
from E2.5 onward. Maternal Stella protein therefore gets mostly degraded between the two-cell and the morula stage.
(I and J) Stella is made from the paternal allele when mating stella/ females with wild-type males. The images show a morula at E3.5.
(K and L) A two-cell embryo (E1.5) obtained from a / intercross lacking Stella staining confirms the specificity of the Stella-antibody in
immunostainings.
The left columns in A-L are confocal sections of anti-Stella immunostainings (green) and the right columns are merged images with DNA
staining (red). Scale bars, 20 m (in [H] for [A]–[H]; in [L] for [I]–[L]).
(M–Q) A stella-GFP reporter construct (M) was used to determine when the paternal allele of stella starts to be expressed. Zygotic expression
of the stella-GFP transgene begins at the two-cell stage (E1.5; [P] and [Q]) and continues during later stages (data not shown). (N) and (P),
GFP-fluorescence; (O) and (Q), brightfield merged with GFP-image; arrowheads, nontransgenic embryos; arrows, transgenic embryos. Scale
bar in (N) (for [N]–[Q]), 100 m.
gene (our unpublished data), we found expression of strongly indicates that Stella has a role very early in
development of preimplantation embryos. It is also strik-the transgene, when contributed by sperm, as early as
the two-cell stage (Figures 5P and 5Q), the time when the ing that the onset of transcription of stella as early as the
two-cell stage from the paternal allele is not sufficient tobulk of embryonic transcription commences [24].
From all available data, it is particularly important to fully rescue the abnormalities during preimplantation
development. The majority of Stella-depleted oocytesnote that the maternal inheritance of Stella is sufficient
for normal development to explain the birth of stella/ do not progress in development to term when fertilized
by wild-type sperm and therefore we can consider stellamice from heterozygous crosses, which are born at the
same frequency as wild-type mice (see above). This as a maternal effect gene.
Current Biology
2116
critical reading of the manuscript. B.P. acknowledges the WellcomeIn conclusion, we demonstrate that the maternal in-
Trust for a PhD student grant (grant no. 062801). Work in the labora-heritance of Stella is needed for normal embryonic de-
tory of M.A.S. is funded by the BBSRC and the Wellcome Trust.velopment. Depletion of Stella from oocytes compro-
mises this process, resulting in a progressive decline in
Received: July 25, 2003the numbers of blastocysts, fewer implants, and a poor
Revised: September 24, 2003yield of viable young. Preliminary results also show re-
Accepted: October 17, 2003duced fertility in an outbred strain (129SvEv/C57BL/6),
Published: December 2, 2003
although the effect is stronger in inbred 129Sv/Ev mice.
This is consistent with previous reports that genetic
Referencesbackground can alter the severity of knockout pheno-
types [20], including defects in germ cell development
1. Sato, M., Kimura, T., Kurokawa, K., Fujita, Y., Abe, K., Masuhara,[21]. Stella is a basic protein with a SAP-like domain [3] M., Yasunaga, T., Ryo, A., Yamamoto, M., and Nakano, T. (2002).
and a splicing factor-like motif and therefore likely to Identification of PGC7, a new gene expressed specifically in
have a role in chromosomal organization or RNA metab- preimplantation embryos and germ cells. Mech. Dev. 113,
91–94.olism. Stella can bind both to DNA and RNA in vitro
2. Saitou, M., Barton, S.C., and Surani, M.A. (2002). A molecular(T. Nakano, personal communication), supporting the
programme for the specification of germ cell fate in mice. Natureidea that it might be involved in linking chromatin with
418, 293–300.RNA-related processes, as it is the case for other SAP-
3. Aravind, L., and Koonin, E.V. (2000). SAP––a putative DNA-bind-
domain proteins [3, 25]. We also compared the expres- ing motif involved in chromosomal organization. Trends Bio-
sion and localization of several marker proteins (ATRX, chem. Sci. 25, 112–114.
nuclear matrix [26]; SC-35, splicing [27]; hnRNP A1, on- 4. Wu, X., Viveiros, M.M., Eppig, J.J., Bai, Y., Fitzpatrick, S.L., and
Matzuk, M.M. (2003). Zygote arrest 1 (Zar1) is a novel maternal-set of transcription [28]; acetylated histone H3, chroma-
effect gene critical for the oocyte-to-embryo transition. Nat.tin structure [29]) between Stella-deficient zygotes and
Genet. 33, 187–191.wild-type embryos but could not detect apparent differ-
5. Tong, Z.B., Gold, L., Pfeifer, K.E., Dorward, H., Lee, E., Bondy,
ences (Figure S2). This suggests that either other pro- C.A., Dean, J., and Nelson, L.M. (2000). Mater, a maternal effect
cesses or different stages must be affected in Stella- gene required for early embryonic development in mice. Nat.
depleted embryos. Alternatively, a lack of Stella could Genet. 26, 267–268.
6. Howell, C.Y., Bestor, T.H., Ding, F., Latham, K.E., Mertineit, C.,specifically influence other key genes of development,
Trasler, J.M., and Chaillet, J.R. (2001). Genomic imprinting dis-resulting in the observed phenotypes. STELLA is also
rupted by a maternal effect mutation in the Dnmt1 gene. Cellexpressed in human oocytes (Figure 1V; [10]), where it
104, 829–838.is likely to play a similar role in early development as in
7. Christians, E., Davis, A.A., Thomas, S.D., and Benjamin, I.J.
mice. As the highest expression of STELLA is in a human (2000). Maternal effect of Hsf1 on reproductive success. Nature
testicular germ cell tumor, this could serve as a diagnos- 407, 693–694.
tic marker or be of therapeutic value in the future. The 8. Gurtu, V.E., Verma, S., Grossmann, A.H., Liskay, R.M., Skarnes,
W.C., and Baker, S.M. (2002). Maternal effect for DNA mismatchconservation of the syntenic chromosomal region har-
repair in the mouse. Genetics 160, 271–277.boring STELLA, together with NANOG and GDF3 on
9. Burns, K.H., Viveiros, M.M., Ren, Y., Wang, P., DeMayo, F.J.,chromosome 12p, is noteworthy, as it is associated with
Frail, D.E., Eppig, J.J., and Matzuk, M.M. (2003). Roles of NPM2
pluripotency, teratocarcinomas, and germ cell tumors in chromatin and nucleolar organization in oocytes and em-
in humans. The role of likely coordinated regulation of bryos. Science 300, 633–636.
all key genes within the region may provide evolutionary 10. Goto, T., Jones, G.M., Lolatgis, N., Pera, M.F., Trounson, A.O.,
and Monk, M. (2002). Identification and characterisation ofinsights into aspects of germ cell development and germ
known and novel transcripts expressed during the final stagescell tumors, as well as on pluripotency and maternal
of human oocyte maturation. Mol. Reprod. Dev. 62, 13–28.effect genes. Although we cannot entirely rule out a
11. Looijenga, L.H., Zafarana, G., Grygalewicz, B., Summersgill, B.,role for stella during germ cell development, we did not
Debiec-Rychter, M., Veltman, J., Schoenmakers, E.F., Rodri-
detect any gross abnormalities in this process in stella/ guez, S., Jafer, O., Clark, J., et al. (2003). Role of gain of 12p in
mice. One possible explaination is functional redun- germ cell tumour development. APMIS 111, 161–171; discussion
dancy through compensation by stella-related genes. 172–173.
12. Fukuda, M., Asano, S., Nakamura, T., Adachi, M., Yoshida, M.,There are several stella-like sequences in the mouse
Yanagida, M., and Nishida, E. (1997). CRM1 is responsible forgenome, although these are likely to be pseudogenes
intracellular transport mediated by the nuclear export signal.(data not shown). It is noteworthy that additional SAP-
Nature 390, 308–311.
domain proteins have been identified, which are associ- 13. Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M.,
ated with pluripotency ([30]; J. Maldonado-Saldivia, per- Takahashi, K., Maruyama, M., Maeda, M., and Yamanaka, S.
sonal communication). It will be important to determine (2003). The homeoprotein nanog is required for maintenance of
pluripotency in mouse epiblast and ES cells. Cell 113, 631–642.the role of these proteins during germ cell development
14. Chambers, I., Colby, D., Robertson, M., Nichols, J., Lee, S.,and early embryogenesis.
Tweedie, S., and Smith, A. (2003). Functional expression cloning
of nanog, a pluripotency sustaining factor in embryonic stemSupplemental Data
cells. Cell 113, 643–655.Supplemental data, including two figures, a table, and details of the
15. Caricasole, A.A., van Schaik, R.H., Zeinstra, L.M., Wierikx, C.D.,experimental procedures, are available online at http://www.
van Gurp, R.J., van den Pol, M., Looijenga, L.H., Oosterhuis,current-biology.com/cgi/content/full/13/23/2110/DC1.
J.W., Pera, M.F., Ward, A., et al. (1998). Human growth-differen-
tiation factor 3 (hGDF3): developmental regulation in humanAcknowledgments
teratocarcinoma cell lines and expression in primary testicular
germ cell tumours. Oncogene 16, 95–103.We would like to thank P. Andrews for the gift of human EC cell
RNA; R. Pedersen for human ES cell cDNA; and P. Western for 16. Spellman, P.T., and Rubin, G.M. (2002). Evidence for large do-
Maternal Effect of stella on Mouse Development
2117
mains of similarly expressed genes in the Drosophila genome.
J. Biol. 1, 5.
17. Ginsburg, M., Snow, M.H., and McLaren, A. (1990). Primordial
germ cells in the mouse embryo during gastrulation. Develop-
ment 110, 521–528.
18. Fox, N., Damjanov, I., Martinez-Hernandez, A., Knowles, B.B.,
and Solter, D. (1981). Immunohistochemical localization of the
early embryonic antigen (SSEA-1) in postimplantation mouse
embryos and fetal and adult tissues. Dev. Biol. 83, 391–398.
19. Johnson, M.H., and Everitt, B.J. (1988). Essential Reproduction,
Third Edition (Oxford, UK: Blackwell Scientific).
20. Montagutelli, X. (2000). Effect of the genetic background on
the phenotype of mouse mutations. J. Am. Soc. Nephrol. 11,
S101–S105.
21. Lawson, K.A., Dunn, N.R., Roelen, B.A., Zeinstra, L.M., Davis,
A.M., Wright, C.V., Korving, J.P., and Hogan, B.L. (1999). Bmp4
is required for the generation of primordial germ cells in the
mouse embryo. Genes Dev. 13, 424–436.
22. Rugh, R. (1990). The Mouse: Its Reproduction and Development
(Oxford, UK: Oxford University Press).
23. McLaren, A., and Michie, D. (1956). Studies on the transfer of
fertilized mouse eggs to uterine foster-mothers. J. Exp. Biol.
33, 394–416.
24. Nothias, J.Y., Majumder, S., Kaneko, K.J., and DePamphilis,
M.L. (1995). Regulation of gene expression at the beginning of
mammalian development. J. Biol. Chem. 270, 22077–22080.
25. Nayler, O., Stratling, W., Bourquin, J.P., Stagljar, I., Lindemann,
L., Jasper, H., Hartmann, A.M., Fackelmayer, F.O., Ullrich, A.,
and Stamm, S. (1998). SAF-B protein couples transcription and
pre-mRNA splicing to SAR/MAR elements. Nucleic Acids Res.
26, 3542–3549.
26. Berube, N.G., Smeenk, C.A., and Picketts, D.J. (2000). Cell cy-
cle-dependent phosphorylation of the ATRX protein correlates
with changes in nuclear matrix and chromatin association. Hum.
Mol. Genet. 9, 539–547.
27. Fu, X.D., and Maniatis, T. (1990). Factor required for mammalian
spliceosome assembly is localized to discrete regions in the
nucleus. Nature 343, 437–441.
28. Vautier, D., Chesne, P., Cunha, C., Calado, A., Renard, J.P., and
Carmo-Fonseca, M. (2001). Transcription-dependent nucleocy-
toplasmic distribution of hnRNP A1 protein in early mouse em-
bryos. J. Cell Sci. 114, 1521–1531.
29. Braunstein, M., Sobel, R.E., Allis, C.D., Turner, B.M., and Broach,
J.R. (1996). Efficient transcriptional silencing in Saccharomyces
cerevisiae requires a heterochromatin histone acetylation pat-
tern. Mol. Cell. Biol. 16, 4349–4356.
30. Bortvin, A., Eggan, K., Skaletsky, H., Akutsu, H., Berry, D.L.,
Yanagimachi, R., Page, D.C., and Jaenisch, R. (2003). Incom-
plete reactivation of Oct4-related genes in mouse embryos
cloned from somatic nuclei. Development 130, 1673–1680.
Accession Numbers
The cDNAs of the Stella homologes mentioned in this study have the
following GenBank accession numbers: mouse Stella, AY082485; rat
Stella, BK001414; human STELLA, AY317075.
